Background {#Sec1}
==========

Non-alcoholic fatty liver disease (NAFLD) is common worldwide, with a prevalence of 6--35% \[[@CR1]--[@CR3]\] and includes a spectrum of pathophysiology stages, developing from simple steatosis to non-alcoholic steatohepatitis (NASH) and cirrhosis. NAFLD, characterized by lipid accumulation within hepatocytes, is a major cause of liver-related morbidity and mortality \[[@CR4]\]. Although NAFLD pathogenesis is not yet fully understood, progress has been made in elucidating the mechanisms involved on its development \[[@CR5]\], in which obesity and insulin resistance may play an important role \[[@CR6]\]. Consequently, the development of NAFLD is accompanied by metabolic changes and alterations in body lipids metabolism \[[@CR7]\].

Recently, several studies focused on NAFLD association with metabolism of complex lipid classes. Following this approach, Puri et al. \[[@CR8]\] reported perturbations in hepatic lipid classes, during progression from normal liver status to steatosis and NASH, as accumulation of triacyl- and diacyl-glycerols, free cholesterol, cholesterol esters and saturated fatty acids \[[@CR8]\]. Concerning phospholipids especially, their composition appears to differentiate in the liver of patients with steatosis and NASH, with decreased concentrations of phosphatidylcholine and phosphatidylethanolamine in steatosis \[[@CR8]\]. Concerning plasma, increased concentrations of glycerolphosphocholines, glycerolphosphoethanolamines, glycerolphosphoinositols, glycerolphosphoglycerols, lysoglycerophosphocholines, and ceramides were reported in NASH patients \[[@CR9]\]. In addition, decreased plasma polyunsaturated fatty acids (PUFAs), as well as increased monounsaturated fatty acids (MUFAs) and eicosanoid metabolites of the lipoxygenase pathway have been reported in plasma of NAFLD patients \[[@CR10]\].

Regarding enzymes regulating fatty acid metabolism, a higher activity of delta-6 desaturase and stearoyl-CoA desaturase-1 and lower activity of delta-5 desaturase is reported in steatosis compared to non-steatosis \[[@CR11]\], and in NASH compared to non-NASH, independently of obesity indexes and diet \[[@CR12]\]. Besides lipids, several essential amino acids, branched chain amino acids (BCAAs) and phenylalanine, as well as the non-essential amino acids aspartate and glutamate, have been found elevated in plasma samples of NASH patients but not in steatosis, possibly indicating a higher rate of whole body protein turnoverin NASH possibly due to inflammation combined with insulin resistance \[[@CR13], [@CR14]\].

The metabolic complexity of NAFLD presents challenges for a deeper understanding of the metabolic pathways that contribute to the development of this pathology. Progress in this area can be aided by comprehensive metabolic analysis of the condition before or after the disease is established \[[@CR15], [@CR16]\]. To the best of our knowledge, there are limited prospective studies examining changes in NAFLD-related metabolites in human plasma or serum and no previous studies have examined metabolic profiles of NAFLD-reversion. This analysis may facilitate the development of early or/and continuous monitoring for potential interventions aimed at preventing/reversing the disease.

Taking the above into account, the present study aimed to evaluate whether perturbations in serum-metabolites can indicate overall predisposition to NAFLD development in participants of the PREDIMED (Prevention of Disease with Mediterranean Diet) study. Furthermore, the differences in baseline metabolites between the groups of participants characterized as NAFLD or not, as well as the changes in the metabolite profiles in the group of participants characterized as NAFLD-reversion, were analysed.

Methods {#Sec2}
=======

Study design and participants {#Sec3}
-----------------------------

This study is a prospective design sub-study within the PREDIMED trial (ISRCTN35739639). The design of the PREDIMED trial has been described in detail elsewhere \[[@CR17], [@CR18]\]. In brief, 7447 participants at high cardiovascular risk and free of severe chronic illness including virus hepatitis, drug or alcohol addiction, were randomly assigned to a Mediterranean-diet regime, supplemented with extra-virgin olive oil; a Mediterranean diet supplemented with mixed nuts, or a control diet consisting of advice to reduce the fat intake. The Institutional Review Boards of the recruitment centers approved the study protocol, and participants gave their informed consent. For the present study, 2543 participants assigned to the Mediterranean diet supplemented with extra-virgin olive oil were assessed for the presence of NAFLD at baseline and during the follow-up. For the needs of this study, the presence of NAFLD was determined using two criteria: I). A hepatic steatosis index (HSI) ≥ 36 for both genders. The HSI is a simple index used to predict the presence of NAFLD with reasonable accuracy \[[@CR19]\]. II). Alcohol intake \<210 g/week for men and \<140 g/week for women. Three Groups were formed each consisting of 15 individuals randomly selected from 2543 participants and not using any medication affecting the transaminase levels (except for statins) Group 1: Fifteen participants did not meet the NAFLD criteria we used, at baseline and during the follow-up (cases not characterized as NAFLD); Group 2: Fifteen participants did not meet NAFLD criteria at baseline, but met NAFLD criteria during the follow-up (cases characterized as NAFLD); Group 3: Fifteen participants met NAFLD criteria at baseline, but not during the follow-up (cases characterized as NAFLD-reversion). Person time of follow-up was calculated as the interval between the randomization date and the earliest date of the follow-up contact at which a new characterization of NAFLD or NAFLD reversion was ascertained, death from any cause, or date of the last contact visit, whichever came first. The median participant's follow-up was 3.8 years (minimum, 11 months; maximum, 6.8 years). The three groups were matched for time of follow-up (\<3 years, between 3 and 6 years and between 6 and 9 years), age (≤65 vs. \> 65 y), gender, and body-mass-index (≤26 vs. \> 26 kg/m^2^).

Targeted metabolomics approach to quantify metabolites {#Sec4}
------------------------------------------------------

Fasting serum samples were collected from subjects and stored at −80 °C. Metabolomic analyses were run by paired samples for each participant (baseline and at the end of the follow-up). Because in metabolic profiling there is no single platform or method to analyse the entire metabolome of a biological sample mainly due to the wide concentration range of the metabolites, combined to their extensive chemical diversity \[[@CR20], [@CR21]\], the current study used multiple liquid chromatography tandem mass spectrometry (LC-MS/MS) platforms) based on a Waters QTOF Premier instrument (Waters Corp., Milford, MA), optimized for extensive coverage of the serum metabolome \[[@CR22]\]. Three separate LC-MS/MS based platforms were used to perform optimal profiling of: (1) Fatty acyls, bile acids, steroids and lysoglycerophospholipids; (2) glycerolipids, glycerophospholipids, sterol lipids and sphingolipids; (3) amino acids. As described by Barr et al. \[[@CR23]\], the following methods were used according to the target analytes' chemical class. This section and the pre-processing of metabolomics data are detailed in the Additional file [1](#MOESM1){ref-type="media"}. Two different types of quality control (QC) samples were used to assess the data quality for all the aforementioned platforms \[[@CR24]\].

Estimation of index of enzyme activities {#Sec5}
----------------------------------------

Index of enzyme activities were estimated by calculating the product-to-precursor ratios of individual fatty acids (FAs) according to previous studies \[[@CR12], [@CR25]\]. More details can be found in the Additional file [2](#MOESM2){ref-type="media"}.

Statistical analysis {#Sec6}
--------------------

Data on general characteristics of the study population are presented as means (± standard deviations) for continuous variables and percentages for categorical variables. Differences in these characteristics among the three groups were tested by using one-way analysis of variance (ANOVA) with Bonferroni correction for multiple comparisons or the Kruskal--Wallis as appropriate, in the case of continuous variables and chi-squared test in the case of categorical variables. ANOVA with Turkey's HSD (Honestly Significance Difference) post hoc test was performedfor the comparison in the levels of metabolites between the three baseline states of the three groups, while a paired Student's t-test was carried out for the comparisons between baseline and final states in each group. The level of statistical significance was set at *p* \< 0.05.

The principal component analysis (PCA) \[[@CR26]\] was applied to identify outliers and detect data grouping or separation trends. The quality of the PCA models was described by R^2^ and Q^2^ values. R^2^ is defined as the proportion of variance in the data explained by the models and indicates goodness of fit, and Q^2^ is defined as the proportion of variance in the data predicted by the model and indicates predictability. Orthogonal partial least-squares to latent structures (OPLS) approach \[[@CR27], [@CR28]\] was used to separate the systematic variation among the metabolites that is related to group separation. The goodness of fit parameters for the OPLS model, R^2^X, R^2^Y and goodness of prediction Q^2^Y were calculated, varying from 0 to 1. R^2^X and R^2^Y represent the fraction of the variance of the X and Y variable explained by the model, while Q^2^Y suggests the predictive performance of the model. Multivariate statistical analyses were performed using SIMCA 14.1.0 software (Umetrics, Umeå, Sweden) while univariate analyses were performed using the R statistical package (version 3.1.1; R Development Core Team, 2011; [http://cran.r-project.org](http://cran.r-project.org/)).

Results {#Sec7}
=======

The general characteristics of study subjects (*n* = 45) are shown in Table [1](#Tab1){ref-type="table"}. No significant differences between the three groups were observed in relation to the statins use. At baseline, the three groups were similar with respect to most characteristics with the exception (Table [1](#Tab1){ref-type="table"}) of aspartate transaminase (AST) and aspartate transaminase to alanine transaminase ratio (AST/ALT), which decrease in the group of those not characterized as NAFLD and increase in the NAFLD-characterized group (*p* \< 0.05).Table 1Characteristics of studied groupsCharacteristicsGroup 1 (*n* = 15)Group 2 (*n* = 15)Group 3 (*n* = 15)BasalFinalChangeBasalFinalChangeBasalFinalChangeAge (years)63.47 ± 6.59NANA65.13 ± 5.74NANA64.07 ± 6.94NANAMedScore9.73 ± 1.8310.31 ± 1.880.31 ± 2.819.43 ± 2.1011.43 ± 1.221.85 ± 1.729.53 ± 2.1610.47 ± 1.590.93 ± 2.49Alcohol (g)16.30 ± 24.1010.77 ± 11.63−5.70 ± 15.7129.93 ± 28.5812.75 ± 10.71−12.89 ± 24.40^b,c^7.48 ± 10.1111.76 ± 13.074.28 ± 6.82BMI (kg/m^2^)27.36 ± 2.1027.21 ± 3.38−0.08 ± 2.0428.65 ± 3.3929.68 ± 3.720.91 ± 1.9429.08 ± 2.8428.18 ± 3.12−0.90 ± 1.98WC (cm)97.29 ± 9.4199.09 ± 12.111.30 ± 6.1198.43 ± 10.28102.07 ± 11.822.23 ± 7.86100.80 ± 11.6999.20 ± 12.52−1.60 ± 7.33AST (U/L)20.36 ± 5.8417.82 ± 6.70^a,b^−0.91 ± 6.9321.14 ± 6.5126.14 ± 8.20^b,c^5.00 ± 7.6821.60 ± 11.4119.00 ± 6.03−2.60 ± 14.12AST/ALT0.61 ± 0.28^a,b/a,c^0.49 ± 0.19^a,b/a,c^−0.08 ± 0.200.80 ± 0.230.88 ± 0.160.08 ± 0.18^b,c^0.97 ± 0.250.84 ± 0.37−0.13 ± 0.26Glu (mg/dL)131.33 ± 49.75108.16 ± 19.73−18.50 ± 38.10124.97 ± 42.31122.07 ± 59.13−2.90 ± 61.46138.38 ± 46.72156.53 ± 62.4418.14 ± 54.08TG (mg/dL)158.33 ± 81.12158.00 ± 51.734.83 ± 53.32117.98 ± 53.23160.78 ± 98.1242.80 ± 78.71157.54 ± 106.38150.13 ± 110.68−7.41 ± 137.09TC (mg/dL)229.43 ± 49.23201.85 ± 41.16−30.68 ± 55.85207.64 ± 46.53195.21 ± 25.70−12.43 ± 45.39208.07 ± 45.39190.15 ± 36.21−17.92 ± 36.83HDL-C (mg/dL)49.26 ± 11.8645.90 ± 12.29−3.32 ± 10.3356.38 ± 12.5453.71 ± 11.21−2.67 ± 10.0448.41 ± 8.8255.74 ± 16.846.52 ± 14.54LDL-C (mg/dL)132.97 ± 28.29114.67 ± 32.60−20.05 ± 26.78127.79 ± 39.65110.03 ± 21.69−17.77 ± 48.77121.14 ± 33.85105.45 ± 29.71−15.22 ± 23.65Diabetes40.0%NANA60.0%NANA60%NANAHypercholest66.7%NANA66.7%NANA46.7%NANAHypertension93.3%NANA80.0%NANA80%NANAData are expressed as means ± SD or percentageOne-way analysis of variance (ANOVA) or Kruskal-Wallis test for continuous variables and Pearson Chi-Square test for categorical variablesMicroalbuminuria changes in characteristics of studied groups at the end of the follow-up were excluded from analysis, because there were only few cases, namely 18 out of 45Abbreviations: *NA* Not Available, *MedScore* Mediterranean Diet Score, *BMI* Body Mass Index, *WC* Waist Circumference, *AST* aspartate aminotransferase, *Glu* Glucose, *TC* Total cholesterol, *HDL-C* High-density lipoprotein cholesterol, *LDL-C* Low-density lipoprotein cholesterol, *Hypercholest* Hypercholesterolemia^a,b,c^: Identical superscript letters denote significant differences between groups (*p* \< 0.05 after *post-hoc* multiple comparisons using the Bonferroni rule in the case of normally distributed continuous variables, Mann-Whitney test in the case of non- normally distributed continuous variables)Group 1 Participants did not meet NAFLD criteria at the baseline and during the follow-upGroup 2 Participantsdid not meet NAFLD criteria at baseline, but met NAFLD criteria during the follow-upGroup 3 Participants met NAFLD criteria at baseline, but not during the follow-up^a,b^p Value \<0.05 "Group 1" vs. "Group 2"^a,c^ *p* Value \<0.05 "Group 1" vs. "Group 3"^b,c^ *p* Value \<0.05 "Group 2" vs. "Group 3"

A total of 453 distinct metabolites were detected in the analysed serum samples and included in the subsequent multivariate and univariate data analyses. An initial unsupervised PCA did not result in any clear discrimination between the basal states per se between the three groups (Additional file [3](#MOESM3){ref-type="media"}: Fig. S1) and their baseline and the final states (Additional files [4](#MOESM4){ref-type="media"}, [5](#MOESM5){ref-type="media"} and [6](#MOESM6){ref-type="media"}: Figs. S2-S4). The subsequent supervised OPLS discriminator analysis showed a uniform overlap between the aforementioned groups and baseline and final states, presenting non-significant prediction values (data not shown).

Univariate analysis of the three baseline states {#Sec8}
------------------------------------------------

Differences in the content of metabolites between the three baseline states were visualized through a heat map (Additional file [7](#MOESM7){ref-type="media"}: Fig. S5). On the left-hand side of this Figure the ANOVA is displayed, and then the log~2~ (fold change) of the metabolites and Tukey's HSD post hoc test for each mentioned comparisons are indicated. The Tukey's HSD post-hoc test analyses performed per each metabolic class and ratios were performed and the significant results are shown in Table [2](#Tab2){ref-type="table"}.Table 2Comparison of metabolites concentrations and enzyme activities based on fatty acid ratios between the three baseline states in groups 1, 2 and 3Baseline 3 vs. Baseline 2Baseline 3 vs. Baseline 1Baseline 2 vs. Baseline 1ANOVA (p)Tukey's HSD (*p*-value)log~2~ (fold change)Tukey's HSD (*p*-value)log~2~ (fold change)Tukey's HSD (*p*-value)log~2~ (fold change)Triacylglycerols**4.28E-02**9.78E-010.069.18E-02−0.495.95E-02−0.55MonoetherglycerophosphocholineO_plasmenyles**4.28E-034.70E-03**0.397.45E-030.08**3.18E-02**−0.32MonoetherglycerophosphocholineP_plasmenyles**5.30E-031.79E-02**0.449.66E-01−0.03**9.35E-03**−0.471-Monoetherglycerophosphocholine**1.70E-033.70E-03**0.419.77E-010.02**6.55E-03**−0.391-ether, 2-acylglycerophosphocholine O_plasmenyles**1.50E-02**5.56E-010.141.34E-01−0.23**1.22E-02**−0.371-ether, 2-acylglycerophosphocholine P_plasmenyles**6.77E-03**9.07E-010.09**2.80E-02**−0.46**9.56E-03**−0.551-ether, 2-acylglycerophosphocholines**7.19E-03**6.95E-010.125.43E-02−0.31**7.06E-03**−0.43MonoetherglycerophosphoethanolaminesP_plasmenyles**4.18E-03**9.61E-020.419.65E-01−0.045.54E-02−0.46Ceramides**1.05E-03**9.81E-01−0.03**2.51E-03**−0.45**4.29E-03**−0.42N-acyl ceramides**3.99E-03**9.94E-010.01**1.15E-02**−0.37**8.77E-03**−0.39N-acyl sphingosines**3.99E-03**9.94E-010.01**1.15E-02**−0.37**8.77E-03**−0.39Total sphingolipids**3.03E-02**7.81E-01−0.10**2.95E-02**−0.361.29E-01−0.26Sum of Triacylglycerols& Cholesteryl Esters**2.34E-02**9.94E-010.03**5.00E-02**−0.49**3.92E-02**−0.51L-Cystine to L-Glutamate**3.41E-02**9.61E-01−0.068.30E-020.60**4.58E-02**0.66Sphingomyelinase (Cer/SM)**2.16E-02**5.69E-010.091.68E-01−0.15**1.76E-02**−0.23log~2~ (fold-change) and *p*-values follows the criterion of heatmap figureOne-way analysis of variance (ANOVA) and Tukey's Honestly Significance Difference (HSD) post hoc testBold indicates statistically significant *p*-valuesGroup 1 Participants did not meet NAFLD criteria at the baseline and during the follow-upGroup 2 Participants did not meet NAFLD criteria at baseline, but met NAFLD criteria during the follow-upGroup 3 Participants met NAFLD criteria at baseline, but not during the follow-upAbbreviations: *Cer* ceramides, *SM* sphingomyelin, *ChoE* cholesteryl esters, *Chol* cholesterol

At baseline, there was not found a significant difference in serum TAGs (*p* = 0.059) or the sum of TAGs and cholesteryl esters (*p* = 0.039) between the cases characterized as NAFLD, compared to non-characterized NAFLD cases. In addition, the levels of several monoether-glycero-phosphocholines and acyl-glycero-phosphocholines (*p* \< 0.05) were lower in the group of the characterized as NAFLD cases. Lower levels of ceramides (*p* = 4.2 × 10--3) were also found at baseline in these participants compared with those not-characterized as NAFLD. The activity index of sphingomyelinase (Cer/SM) (*p* = 0.018) was lower, while the L-cystine to L-glutamate ratio (*p* = 0.046) was higher at baseline in the characterized as NAFLD cases.

At baseline, those participants characterized as NAFLD-reversing, compared to non-suspected cases, revealed lower serum levels in P-ether acyl-glycero-phosphocholines (*P* = 0.028), ceramides (*p* = 0.002), total sphingolipids (*p* = 0.029) but not significantly lower serum levels of the sum of TAGs and cholesteryl esters (*p* = 0.05). Higher baseline values of several mono-ether-glycero-phosphocholines (*p* \< 0.05) were found in those participants reversing NAFLD than those who met NAFLD criteria during the follow-up. No significant baseline differences in other lipid classes or index of enzyme activities were observed.

**Univariate analysis comparing final** vs.**baseline states** {#Sec9}
--------------------------------------------------------------

A heatmap visualising the differences in metabolite concentrations between the final state and the baseline state of each group is shown in Additional file [8](#MOESM8){ref-type="media"}: Fig. S6. It displays the log~2~ (fold-change) of the metabolites included in the analysis together with the Student's t-test for all the comparisons performed. Additionally, volcano plots (*p*-value versus fold-change) were generated for the aforementioned comparisons (Additional files [9](#MOESM9){ref-type="media"}, [10](#MOESM10){ref-type="media"} and [11](#MOESM11){ref-type="media"}: Figs. S7-S9), complementing the results presented in the heatmap.

In group 1 (cases not-characterized as NAFLD), lower levels of monoacylglycerophosphocholines and monoetherglycerophosphocholine (*p* \< 0.05), monoetherglycerophosphoethanolamines (*p* = 0.002) were found at the end of the follow-up compared with baseline values (Table [3](#Tab3){ref-type="table"}). Lower levels of lysophosphatidylcholines (*p* = 0.015), TAGs (*p* = 0.036) and sum of TAGs and cholesteryl esters (*p* = 0.025) and a higher index of SCD1 activity (16:1n-7/16:0) (*p* = 0.045) were observed in final samples.Table 3Comparison of metabolites concentrations and enzyme activities based on fatty acid ratios between the final and the baseline status (Final vs. Baseline) in group 1 (not meeting the NAFLD criteria at baseline and during the follow-up)Metabolites and enzyme activitiesPaired Student's t-test (*p*-value)log~2~ (fold change)1-Monoacylglycerophosphocholine3.26E-02−0.192-Monoacylglycerophosphocholine3.59E-02−0.20Total Monoacylglycerophosphocholine3.35E-02−0.19MonoetherglycerophosphocholineP_plasmenyles3.60E-02−0.20MonoetherglycerophosphoethanolaminesO_plasmenyles2.05E-03−0.64Total 1- Monoetherglycerophosphocholine2.92E-02−0.18Total Lysophosphatidylcholines1.57E-02−0.21Triacylglycerols3.68E-02−0.23Sum of Triacylglycerols& Cholesteryl Esters2.50E-02−0.27Stearoyl-CoA desaturase 1 (16:1n-7/16:0)4.53E-020.09log~2~ (fold-change) and *p*-values follows the criterion of heatmap figure

Significantly lower levels of SFA (*p* = 0.016), monoacylglycerophosphocholines (*p* \< 0.050) and N-Acyl ethanolamines (*p* = 0.024) were found in group 2 (cases characterized as NAFLD) at the end of the follow-up compared with baseline (Table [4](#Tab4){ref-type="table"}). Higher index of elongase 6 (18:0/16:0) (*p* = 0.031), D6D (18:4n-3/18:3n-3) (*p* = 0.012), SCD1 (16:1n-7/16:0) (*P* = 0.011) activities, a higher PUFA to MUFA ratio (*p* = 0.015), and MUFA + PUFA to saturated FA (SFA) ratio (*p* = 7.5 × 10^−5^), as well as a lower non esterified fatty acids (NEFA) n-6 to n-3 ratio (*p* = 0.037) were found in final samples compared to baseline values. On the other hand, lower index of SCD1 (18:1n-9/18:0) (*p* = 0.017), D6D \[18:3n-6/18:2n-6 (*p* = 0.002) and 18:3/18:2) (*p* = 0.007)\] activities were observed. The ratios of MAPC to MAPE and LPC to LPE were also lower in final samples (*p* = 8.2 × 10^−4^ and *p* = 5.0 × 10^−4^ respectively). Finally, compared to baseline values, an index of de novo lipogenesis (16:0/18:2n-6) (*p* = 0.002) was significantly lower at the end.Table 4Comparison of metabolites concentrations and enzyme activities based on fatty acid ratios between the final and the baseline status (Final vs. Baseline) in group 2 (not meeting the NAFLD criteria at baseline but meeting them during the follow-up)Metabolites and enzyme activitiesPaired Student's t-test (*p*-value)log~2~ (fold change)Steroids9.05E-03−0.38Saturated fatty acids1.64E-02−0.42Primary fatty amides4.26E-02−0.34N-Acyl ethanolamines2.39E-02−0.231-Monoacylglycerophosphocholine2.78E-02−0.16Monoacylglycerophosphocholine4.00E-02−0.14Desaturase (MUFA + PUFA/SFA)7.55E-040.39MAPC/MAPE8.21E-04−0.34LPC/LPE5.71E-04−0.31(NEFA) n-6 /n-33.69E-02−0.27De novo lipogenesis (16:0/18:2n-6)1.72E-03−0.48Stearoyl-CoA desaturase 1 (18:1n-9/18:0)1.79E-02−0.33Elongase-6 (18:0/16:0)3.13E-020.70Delta-6- desaturase (18:3n-6/18:2n-6)2.39E-03−0.48Delta-6- desaturase (18:3/18:2)7.64E-03−0.39Delta-6- desaturase(18:4n-3/18:3n-3)1.21E-022.72Stearoyl-CoA desaturase 1 (16:1n-7/16:0)1.11E-020.1118:1/18:02.69E-02−0.12PUFA/MUFA1.50E-020.25log~2~ (fold-change) and *p*-values follows the criterion of heatmap figureAbbreviations: *SFA* saturated fatty acids, *PUFA* polyunsaturated fatty acids, *MUFA* monounsaturated fatty acids, *MAPC* Monoacylglycerophosphocholine, *MAPE* Monoacylglycerophosphoethanolamine, *LPC* lysophosphatidylcholine, *LPE* lysophosphatidylethanolamine, *NEFA* non esterified fatty acids

In group 3 (NAFLD-reversion cases), compared to baseline values, SFA (*p* = 0.013), monoacylglycerophosphocholines (*p* \< 0.05), monoacylglycerophosphoethanolamine (*p* = 0.012), monoetherglycerophosphoethanolamines (*p* = 0.002) and lysophosphatidylcholine (*p* = 0.015) were lower at the end of follow-up (Table [5](#Tab5){ref-type="table"}). Similarly to the characterized cases of NAFLD, higher 16:1n-7 to 16:0 (*p* = 0.003) and lower 18:1n-9 to 18:0 (*p* = 3.6 × 10^−4^) ratios were observed at the end, while the index of elongase 6 activity (18:0/16:0) was higher (*p* = 6.7 × 10^−5^). Compared to baseline values, at the end of follow-up a higher ratio of NEFA n-6 to n-3 (*p* = 0.011) and the index of lecithin: cholesterol acyltransferase activity (ChoE/Chol) (*p* = 0.026) was found, while the index of lower de novo lipogenesis (16:0/18:2n-6) (*p* = 8.4 × 10^−4^) and D6D activity (18:3n-6/18:2n-6) (*p* = 4.6 × 10^−4^) has been demonstrated. The ratios of LPC to PC (*p* = 0.008) and LPE to PE (*p* = 0.019) were also found lower at the end of follow-up.Table 5Comparison of metabolites concentrations and enzyme activities based on fatty acid ratios between the final and the baseline status (Final vs. Baseline) in group 3 (meeting the NAFLD criteria at baseline but not meeting them during the follow-up)Metabolites and enzyme activitiesPaired Student's t-test (*p*-value)log~2~ (fold change)Steroids1.99E-02−0.46Saturated fatty acids1.36E-02−0.301-Monoacylglycerophosphocholine2.15E-03−0.272-Monoacylglycerophosphocholine2.85E-02−0.16Monoacylglycerophosphocholine1.16E-02−0.20Lysophosphatidylcholines1.49E-02−0.171-Monoacylglycerophosphoethanolamine1.23E-02−0.23MonoetherglycerophosphoethanolaminesO_plasmanyles2.12E-02−0.32Phospholipase-A2 (LPC/PC)8.38E-03−0.28Phospholipase-A2 (LPE/PE)1.91E-02−0.21(NEFA) n-6/n-31.15E-020.57De novo lipogenesis (16:0/18:2n-6)8.49E-04−0.43Stearoyl-CoA desaturase 1 (18:1n-9/18:0)2.35E-04−0.58Elongase-6 (18:0/16:0)6.78E-050.71Delta-6- desaturase (18:3n-6/18:2n-6)4.65E-04−0.63Delta-6- desaturase (18:3/18:2)2.43E-04−0.55Stearoyl-CoA desaturase 1 (16:1n-7/16:0)3.22E-030.1118:1/18:03.65E-04−0.21Lecithin:cholesterolacyltransferase (ChoE/Chol)2.64E-020.47log~2~ (fold-change) and *p*-values follows the criterion of heatmap figureAbbreviations: *LPC* lysophosphatidylcholine, *LPE* lysophosphatidylethanolamine, *NEFA* non esterified fatty acids, *ChoE* cholesteryl esters, *Chol* cholesterol

No significant differences in the concentration of amino acids between the three baseline statesand between the final and the baseline state of each group were found.

Discussion {#Sec10}
==========

In this study we detected differences in serum lipid classes between participants who were characterized as NAFLD and those not characterized as NAFLD after a median 3.8 years of follow-up. These differences may be an early indicator of a rearrangement of lipid biosynthesis in the liver in those participants who met NAFLD criteria during the follow-up.

The lower levels of glycerophosphocholines in addition to ceramides and the possible lower activity of sphingomyelinase could indicate a rearrangement of lipid biosynthesis in the liver in the group of cases characterized as NAFLD \[[@CR29], [@CR30]\]. We also observed a higher L-cystine to L-glutamate ratio in the participants meeting NAFLD criteria during the follow-up. Since higher plasma L-cystine/L-glutamate ratio was positively associated with TNF-alpha circulating levels in patients with advanced cirrhosis \[[@CR31]\], our results may indicate an immune dysfunction state in these participants \[[@CR32]\].

In contrast, the results of our study are not in accordance with findings from previous studies regarding differences in metabolites and enzyme activities between NAFLD and no-NAFLD \[[@CR8], [@CR10], [@CR12], [@CR33]\], possibly due to differences in methods for detecting NAFLD, in participants' characteristics and metabolites analyses procedures. A decrease in very low-density lipoprotein particles secretion from the liver, as it has been shown to occur in NAFLD, could explain the reduction in etherglycerophosphocholines and sphingolipids in the serum of our study participants. We also did not find elevated levelsof BCAAs or other amino acids in cases characterized as NAFLD, which is in agreement with the results from previous studies examining the role of hepatic steatosis in amino acids profiles \[[@CR13], [@CR14]\].

Interestingly, the comparison between the group with NAFLD-reversion cases and the group with cases characterized as NAFLD did not reveal notable differences in the levels of most metabolites except for phospholipids catabolic intermediates and therefore we can imply that the hepatic lipid metabolism was similar in both groups. Besides the findings from baseline comparisons, we also found differences in the levels of metabolites and estimated enzyme activities at the end of a long-term follow-up that may indicate potential influences of NAFLD idiopathic conditions.

Research suggests that FFA-mediated cytotoxicity is indirect, via the generation of the toxic metabolite lysophosphatidylcholine (LPC) \[[@CR34], [@CR35]\]. A reduction in LPC content in erythrocyte membranes was observed after 1-year intervention with Mediterranean diet enriched in extra virgin olive oil in participants with similar characteristics to our study \[[@CR36]\]. Likewise, the lower LPC levels found in our study in cases not characterized as NAFLD could be attributed to the potential effect of the diet per se, resulting in a possible reduction of hepatic lipotoxicity. Notably, in cases characterised as NAFLD, the ratio of lysophosphatidylcholine to lysophosphatidylethanolamine (LPC/LPE) was lower at the end of the follow-up. Previous research, using mouse models, suggests that the lower phosphatidylcholine to phosphatidylethanolamine (precursors of the LPC and LPE) ratio may lead to a disruption in membrane integrity, resulting in hepatocyte damage \[[@CR37]\]. In our study, ethanolamine- and choline-glycerophospholipids, were lower at the end of the follow-up in those participants that did not meet NAFLD criteria or appeared to reverse NAFLD, while only glycerophosphocholines was lower in those who met NAFLD criteria during follow-up.

Differences in indices of enzyme activities regulating endogenous metabolism of fatty acids were observed before and at the end of the follow-up, particularly in cases characterized as NAFLD or NAFLD-reversion, indicating that NAFLD might play a prominent role in the regulation of these enzyme activities. On the other hand, in the non-NAFLD cases, the Mediterranean diet per se might have a less significant role, since only the 16:1n-7 to 16:0 ratio was found elevated. In this context, the Mediterranean diet enriched with olive oil may have up-regulated the expression of the hepatic SCD1 \[[@CR38]\] which catalyses the biosynthesis of MUFAs from SFA.

The enzyme SCD1 catalyses the synthesis not only of 16:1n-7 but also 18:1n-9 from its precursor 18:0 \[[@CR39]\]. The synthesis of 18:1n-9 decreased while that of 16:1n-7 increased in the cases characterized as NAFLD or NAFLD-reversion. Two previous studies also revealed an increment in the 16:1n-7 to 16:0 ratio in individuals with NAFLD, compared to those with normal liver function \[[@CR10], [@CR12]\]. Interestingly, a possible lower de novo lipogenesis (16:0 to 18:2n-6) may have occurred in cases characterized as NAFLD or NAFLD-reversion. A parallel activation of de novo lipogenesis and SCD1 activity has been found after 3 day of high-carbohydrate feeding in healthy subjects \[[@CR40]\], and recently \[[@CR12]\] was suggested as a mechanism for the elevated proportion of 16:1n-7 found in NAFLD. However, there is some evidence to suggest that de novo lipogenesis and SCD1 can be regulated independently \[[@CR41]\]. According to Emken \[[@CR42]\] the reduced synthesis of 18:1n-9 might be attributed to the low capacity of the liver to desaturate 18:0. On the other hand, a previous study comparing NAFLD with no-NAFLD subjects suggested a greater utilization of 18:0 along the SCD1 pathway in NAFLD rather than elongase pathway \[[@CR10]\]. Interestingly in the groups, characterised as NAFLD or NAFLD-reversion, an increase in the ratio 18:0 to 16:0 was observed, indicating a potential increase in the FA elongase 6 (Elovl6) enzyme activity. According to a previous study the Elovl6- mediated conversion to 18:0 is a key step to hepatic lipotoxicity \[[@CR43]\]. Additionally, the decrease in the ratio 18:1n-9 to 18:0 and increase in the 18:0 to 16:0 ratio may have led to an accumulation of 18:0 which is cytotoxic \[[@CR43]\]. Therefore, the lower production of 16:0 due to a decrease in de novo lipogenesis combined with an increase in 16:1n-7 to 16:0 and 18:0 to 16:0 ratios may constitute an adaptive mechanism in the prevention of further liver damage by decreasing the amount of 16:0 \[[@CR44]\]. NAFLD has also been associated with higher D6D (18:3n-6/18:2n-6) \[[@CR11]\]. Actions of D6D, usually uses 18:2n-6 or 18:3n-3 as its natural substrate. Long-chain n-3FA levels are found decreased in the hepatic tissue of patients with NAFLD \[[@CR45]\]. In the group, with cases characterised as NAFLD, it may be that homeostatic mechanisms were activated, to resist against the disease by "channelling" the PUFA biosynthesis routes towards long-chain n-3FA production.

Interestingly, lower LPC levels and lower LPC to PC ratio indicating a possible reduced activity of phospholipase A2 and higher lecithin: cholesterol acyltransferase activity were found during the follow-up in NAFLD-reversion, contributing to a possible reduction of hepatic lipotoxicity \[[@CR34], [@CR35]\], and improved hepatic function \[[@CR46]\], respectively. However, the comparison between the final and baseline states in NAFLD-reversing and NAFLD cases, revealed similar results concerning other metabolites and particularly enzyme activities. Furthermore, the higher ratio of NEFA n-6/n-3 found in the final samples of NAFLD-reversing cases is similar to previous findings in NAFLD patients \[[@CR47]\]; side effects of NAFLD still appear in those participants reversing it, affecting hepatic lipid metabolism.

The lack of clustering and significant prediction values after multivariate analysis may be attributed to the possible inclusion of uninformative variables in the PCA and OPLS models, masking the information of the few metabolites that reached the significant level after univariate analysis \[[@CR48]\].

Overall, the major limitation of the current study is the use of an index-based characterization of NAFLD, which may not predict accurately the presence of NASH \[[@CR19]\]. Currently, the 'gold standard' for the diagnosis of NASH is liver biopsy \[[@CR49]\], still it's not convenient for prospective studies, and is invasive for the participants, prohibiting evaluations during follow-up. Another potential limitation is the small size of the study population. Despite this, several findings reached statistical significance. Finally, participants were elderly Mediterranean individuals at high cardiovascular risk and this may limit the generalizability of the findings to other age-groups.

In summary, our findings indicate that a rearrangement of lipid biosynthesis and circulation, in the liver and consequently the serum of NAFLD patients, can result in a metabolic profile characteristic, or at least reflecting, NAFLD development. However, despite a potential reduction of hepatic lipotoxicity and improved hepatic function in those participants with NAFLD-reversion, side effects of NAFLD pathophysiology may still appear. Thus, the complex metabolic interactions in NAFLD development \[[@CR50]\] need to be further explored.
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Additional file 1:Detailed metabolomic analysis procedure (\[[@CR51], [@CR52]\]). (DOCX 15 kb) Additional file 2:Estimation of the index of enzyme activities. (DOCX 11 kb) Additional file 3: Figure S1.Principal component analysis (PCA) model to discriminate between the three baseline states in groups 1, 2 and 3. Model diagnostics (A = 8, R^2^X = 0.651, Q^2^X = 0.264) (DOCX 43 kb) Additional file 4: Figure S2.Principal component analysis (PCA) model to discriminate between the baseline and final states in group 1 (participants not meeting the NAFLD criteria at baseline and at the end of follow-up). Model diagnostics (A = 6, R^2^X = 0.621, Q^2^X = 0.160) (DOCX 43 kb) Additional file 5: Figure S3.Principal component analysis (PCA) to discriminate between the baseline and final states in group 2 (suspected cases of NAFLD). Model diagnostics (A = 6, R^2^X = 0.624, Q^2^X = 0.179) (DOCX 39 kb) Additional file 6: Figure S4.Principal component analysis (PCA) to discriminate between the baseline and final states in group 3 (suspected NAFLD reversion cases). Model diagnostics (A = 6, R^2^X = 0.628, Q^2^X = 0.235) (DOCX 42 kb) Additional file 7: Figure S5.Heatmap representing individual metabolomic features obtained from the comparisons between the three baseline states in groups 1, 2 and 3.Heatmapcolor codes for log~2~ (fold-change) and ANOVA and Tukey's Honestly Significance Difference post hoc test *p*-values are indicated at the bottom of the Figure. Darker green and red colors indicate higher drops or elevations of the metabolite levels in every comparison. Grey lines correspond to significant fold-changes of individual metabolites, darker grey colors have been used to highlight higher significances (*p* \< 0.05, *p* \< 0.01 or *p* \< 0.001). Group 1 Participants did not meet NAFLD criteria at the baseline and during the follow-up. Group 2 Participants did not meet NAFLD criteria at baseline, but met NAFLD criteria during the follow-up. Group 3 Participants met NAFLD criteria at baseline, but not during the follow-up. Abbreviations: AA, amino acids; SFA, saturated fatty acids; PUFA, polyunsaturated fatty acids; MUFA, monounsaturated fatty acids; NAE, N-acyl ethanolamines; FFAox, free fatty acid oxidised; AC, acyl carnitines; PC, phosphatidylcholine; LPC, lysophosphatidylcholine; PE, phatidylethanolamine; LPE, lysophosphatidylethanolamine; PI, phatidylinositols; LPI, lysophosphatidylinositols; Cer, ceramides; SM, sphingomyelin; ChoE, cholesteryl esters; Chol, cholesterol; TAG, triacylglycerols; DAG, diacylglycerols, BA, bile acids; CMH, monohexosylceramides (DOCX 870 kb) Additional file 8: Figure S6.Heatmap representing individual metabolomic features obtained from all the comparisons made between the final and the baseline states in groups 1, 2 and 3. Heatmapcolor codes for log~2~ (fold-change) and Student's t-test *p*-values are indicated at the bottom of the Figure. Darker green and red colors indicate higher drops or elevations of the metabolite levels in every comparison. Grey lines correspond to significant fold-changes of individual metabolites, darker grey colors have been used to highlight higher significances (*p* \< 0.05, *p* \< 0.01 or *p* \< 0.001). Group 1 Participants did not meet NAFLD criteria at the baseline and during the follow-up. Group 2 Participants did not meet NAFLD criteria at baseline, but met NAFLD criteria during the follow-up. Group 3 Participants met NAFLD criteria at baseline, but not during the follow-up. Abbreviations: AA, amino acids; SFA, saturated fatty acids; PUFA, polyunsaturated fatty acids; MUFA, monounsaturated fatty acids; NAE, N-acyl ethanolamines; FFAox, free fatty acid oxidised; AC, acyl carnitines; PC, phosphatidylcholine; LPC, lysophosphatidylcholine; PE, phatidylethanolamine; LPE, lysophosphatidylethanolamine; PI, phatidylinositols; LPI, lysophosphatidylinositols; Cer, ceramides; SM, sphingomyelin; ChoE, cholesteryl esters; Chol, cholesterol; TAG, triacylglycerols; DAG, diacylglycerols, BA, bile acids; CMH, monohexosylceramides (DOCX 1038 kb) Additional file 9: Figure S7.Volcano plot \[−log~10~ (*p*-value) vs. log~2~ (fold-change)\] for the comparison between the baseline and final states in group 1 (not meeting the NAFLD criteria at baseline and during the follow-up).Abbreviations: AA, amino acids; SFA, saturated fatty acids; PUFA, polyunsaturated fatty acids; MUFA, monounsaturated fatty acids; NAE, N-acyl ethanolamines; FFAox, free fatty acid oxidised; AC, acyl carnitines; PC, phosphatidylcholine; LPC, lysophosphatidylcholine; PE, phatidylethanolamine; LPE, lysophosphatidylethanolamine; PI, phatidylinositols; LPI, lysophosphatidylinositols; Cer, ceramides; SM, sphingomyelin; ChoE, cholesteryl esters; Chol, cholesterol; TAG, triacylglycerols; DAG, diacylglycerols, BA, bile acids; CMH, monohexosylceramides (DOCX 50 kb) Additional file 10: Figure S8.Volcano plot \[−log~10~ (*p*-value) vs. log~2~ (fold-change)\] for the comparison between the baseline and final states in group 2 (suspected cases of NAFLD). Abbreviations: AA, amino acids; SFA, saturated fatty acids; PUFA, polyunsaturated fatty acids; MUFA, monounsaturated fatty acids; NAE, N-acyl ethanolamines; FFAox, free fatty acid oxidised; AC, acyl carnitines; PC, phosphatidylcholine; LPC, lysophosphatidylcholine; PE, phatidylethanolamine; LPE, lysophosphatidylethanolamine; PI, phatidylinositols; LPI, lysophosphatidylinositols; Cer, ceramides; SM, sphingomyelin; ChoE, cholesteryl esters; Chol, cholesterol; TAG, triacylglycerols; DAG, diacylglycerols, BA, bile acids; CMH, monohexosylceramides (DOCX 52 kb) Additional file 11: Figure S9.Volcano plot \[−log~10~ (*p*-value) vs. log~2~ (fold-change)\] for the comparison between the baseline and final states in group 3 (suspected NAFLD reversion cases). Abbreviations: AA, amino acids; SFA, saturated fatty acids; PUFA, polyunsaturated fatty acids; MUFA, monounsaturated fatty acids; NAE, N-acyl ethanolamines; FFAox, free fatty acid oxidised; AC, acyl carnitines; PC, phosphatidylcholine; LPC, lysophosphatidylcholine; PE, phatidylethanolamine; LPE, lysophosphatidylethanolamine; PI, phatidylinositols; LPI, lysophosphatidylinositols; Cer, ceramides; SM, sphingomyelin; ChoE, cholesteryl esters; Chol, cholesterol; TAG, triacylglycerols; DAG, diacylglycerols, BA, bile acids; CMH, monohexosylceramides (DOCX 50 kb)
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